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Introduction (4,428 characters) 1
Oligodendrocytes (OLs) are critical components of the central nervous system (CNS), both 2 generating the insulating myelin sheaths that facilitate rapid transmission of action 3 potentials along axons and providing essential metabolic and trophic support to neurons 4 (Nave & Werner, 2014) . Myelination begins developmentally and is a lifelong process, with 5 the continued production of new OLs and generation of new myelin sheaths occurring up 6 until middle-age (Hill, Li, & Grutzendler, 2018) . Studies have revealed that the myelinating 7 process is receptive to neuronal activity (Foster, Bujalka, & Emery, 2019) and upregulation 8 in neuronal activity during early postnatal development increase oligodendrogenesis and 9 myelin production, with a myelination bias towards selectively activated axons (Gibson et 10 al., 2014; Mitew et al., 2018) . Conversely, downregulations in activity via social isolation 11 during early postnatal development decreases the number of internodes and thickness of 12 myelin sheaths (Makinodan, Rosen, Ito, & Corfas, 2012) . These experimental findings, along 13 with computational evidence that myelination pattern variations (e.g. changes to the 14 number, length or thickness of sheaths) can markedly alter nerve conduction velocity 15 (Castelfranco & Hartline, 2015) , identifies a role for myelin in fine-tuning neuronal 16 connectivity. Adaptability within neuronal circuitry may influence learning and memory 17 processes and may be important across the lifespan (Douglas Fields, 2015; Timmler & 18 Simons, 2019) . 19 20 Studies investigating the effect of neuronal activity on myelination have predominantly 21 focused on early postnatal development and often used artificial neuronal stimulation 22 paradigms (Gibson et al., 2014; Hill, Patel, Goncalves, Grutzendler, & Nishiyama, 2014; 23 Makinodan et al., 2012; Mensch et al., 2015; Mitew et al., 2018) . Optogenetic (Gibson et al., 24 2014 ) and pharmacogenetic (Mitew et al., 2018) methods to upregulate neuronal activity 25 during postnatal development revealed greatly increased oligodendrocyte progenitor cell 26 (OPC) proliferation and subsequent maturation, an affect which was recapitulated, albeit to 27 a lesser extent, in young adult animals (Mitew et al., 2018) . However, these artificial 28 methods to upregulate neuronal stimulation to promote myelin plasticity may be 29 problematic, as they may not actually reflect physiological levels of stimulation and have 30 recently been shown to promote the progression of tumor growth (Venkataramani et al., 31 2019; Venkatesh et al., 2019) . Interestingly, young adult mice (Xiao et al., 2016) and rats 32 (Keiner et al., 2017) that were taught complex motor paradigms exhibited an increase in 33 new OL production, suggesting that OL adaptability extends to adulthood and is 34 physiologically relevant. While these findings are exciting, a complete understanding of the 35 precise changes in cellular dynamics induced by physiologically relevant stimulation and 36 how this ultimately influences myelin in the adult CNS remains unknown. Whether increases 37 in OL production are driven by new OPC proliferation and subsequent differentiation, or the 38 direct differentiation of pre-existing oligodendroglia, is yet to be comprehensively assessed. Environmental enrichment (EE) is a non-invasive and well-studied housing paradigm that 46 provides novel and complex stimuli to the sensory, cognitive and motor systems 47 (Nithianantharajah & Hannan, 2006) . EE is known to induce neuroplasticity including 48 promoting synaptogenesis and neurogenesis, and results in improvements in cognitive 49 function (Nithianantharajah & Hannan, 2006) . Using EE as a paradigm of physiologically 50 relevant, upregulated neuronal activity, we investigated the generation of new myelin and 51 the ultrastructure of existing sheaths, and comprehensively assessed the production and 52 lineage progression of oligodendroglia, in young adult mice. We found that 6 weeks of EE 53 did not induce significant de novo myelination, however we observed greatly increased axon 54 diameters and myelin sheath thickness in the corpus callosum, indicating a remodeling of 55 pre-existing, myelinated axons. Further, EE uniformly accelerated the lineage progression of 56 predominantly pre-existing oligodendroglia in both the corpus callosum and cerebral 57 somatosensory cortex regions, but differentially influenced new OPC production in these 58 regions. Together, our data indicate that physiologically relevant neuronal stimulation in the 59 young adult CNS induces remodeling of myelinated axons by way of axonal-caliber 60 dependent myelinogenesis and promotes the differentiation of pre-existing oligodendroglia. 61 
Results

Housing conditions and EdU administration 73
At 9 weeks of age, male and female animals were randomly assigned to standard or 74 environmentally enriched housing conditions and housed single-sex with 3 mice/cage for a 75 period of 6 weeks. Standard-housed mice remained in shoe-box sized GM500 cages 76 (Techniplast Group, Italy) with floor area of 501cm 2 . Enriched mice were moved to GR1800 77 double-decker cages (Techniplast Group, Italy) with floor area of 1862cm 2 and total height 78 of 38cm. Enriched cages included a mouse-house and a selection of rubber dog toys, small 79 plastic objects, tunnels and climbing materials. Standard-housed mice were provided only 80 basic bedding materials and enriched mice had additional materials including shredded 81 paper and cardboard. All cages were changed weekly with objects in enriched cages 82 replaced, to maintain object novelty. All mice were given access to food and water ad 83 libitum, and were on a 12-hour light/dark cycle. 84 85 Throughout the total housing period of 6 weeks, the drinking water contained thymidine 86 analogue EdU (5-ethynyl-2'-deoxyuridine, Thermo Fisher, cat. no: E10415) to label newly-87 generated cells. EdU was at a concentration of 0.2mg/ml, determined previously to be non-88 toxic (Young et al., 2013) , and refreshed every 2-3 days. 89 90
Tissue collection 91
Mice were anesthetized and transcardially perfused with 0.1M phosphate buffer (PBS) 92 followed by 4% EM-grade paraformaldehyde (PFA, Electron Microscopy Sciences). Brains 93 were dissected and post-fixed overnight in 4% PFA. The first millimeter of caudal corpus 94 callosum was selected using a coronal mouse brain matrix and micro-dissected, then placed 95 in Kanovsky's buffer overnight, washed in 0.1M sodium cacodylate and embedded in the 7 sagittal plane in epoxy resin for transmission electron microscopy (TEM) analysis. The 97 remaining brain was rinsed in 0.1M PBS, left overnight in a 30% sucrose solution to induce 98 cryoprotection, then embedded in OCT and snap-frozen in isopentane over dry ice, for 99 immunohistochemistry analysis. 
Environmental enrichment increases axonal caliber and promotes myelinogenesis 173
To physiologically induce neuronal activity, we adopted the well-established EE housing 174 paradigm (Nithianantharajah & Hannan, 2006) . Mice were housed in EE or standard-housed 175 (SH) control conditions for a period of 6-weeks and administered the thymidine analogue 176
EdU in the drinking water throughout to label newly-generated cells. To verify this housing 177 paradigm, we confirmed neurogenesis in the hippocampus, a well-defined read out of EE 178 (Nithianantharajah & Hannan, 2006) . We observed a significant increase in the density of 179 EdU+ cells in the dentate gyrus of EE mice compared to SH control mice (862  108.7 180 cells/mm 2 compared to 453  10.1 cells/mm 2 , p=0.02, Student's t-test, n=3-4 mice/group, 181 data = mean  SEM). 182
We initially investigated the influence that EE exerts on myelin plasticity by assessing the 183 myelinated area in the corpus callosum ( Fig. 1A) using SCoRe microscopy, a reflection signal 184 of compact myelin generated by incident lasers of multiple wavelengths (Schain, Hill, & 185 Grutzendler, 2014) . Analysis of the overall myelinated area detected no significant 186 difference between EE and SH control mice in the corpus callosum ( Fig. 1A, quantitated in 187 observations of continued myelin generation in the cortex throughout the lifespan (Hill et 189 al., 2018) and acknowledgement that grey matter myelination is emerging as a key area of 190 myelin plasticity (Timmler & Simons, 2019) , we also applied SCoRe microscopy to the 191 overlying region of the somatosensory cortex, from which the callosal projection fibers 192 originate ( Fig. 1B) . Similar to the corpus callosum, we observed no significant change to the 193 percentage area of myelin coverage following EE housing in this region (Fig. 1B, quantitated  194 in Fig. 1D ). Additional layer-specific analysis revealed that deeper cortical layers were more 195 heavily myelinated than superficial layers (Fig. 1E, p=0 .006), however no region-dependent 196 difference was found between housing conditions. Collectively, these data suggest there is 197 no de novo myelination following EE in either corpus callosum or somatosensory cortex. 198
199
To further determine if EE exerts an influence upon myelin ensheathment, we assessed 200 myelin ultrastructure using TEM in the corpus callosum ( Fig. 2A) . Concordant with the SCoRe 201 imaging data, we found no significant change in the percentage of myelinated axons 202 between housing conditions (Fig. 2B) , confirming that EE did not increase de novo 203 myelination of previously unmyelinated axons. This finding is perhaps unsurprising as by P90 204 the proportion of myelinated axons in the murine corpus callosum has almost peaked 205 (Sturrock, 1980) . Interestingly, analysis of the frequency distribution of myelinated axons 206 relative to their axonal diameter showed that EE mice had a significantly larger axonal 207 diameters compared to SH control (Fig. 2C, p=0 .008). There was an approximately 30-50% 208 reduction in the proportion of axons with small diameters (0.2-0.5m) and a corresponding 209 increase in the proportion of axons with large diameters (0.8-2.3m), resulting in an overall 210 ~30% increase in the mean diameter of myelinated axons in EE mice compared to SH control 211 mice (Fig. 2D, p=0 .02). Previous analyses of high-frequency stimulation of hippocampal 212 neurons has shown that axon diameters can increase by ~5% upon a time scale of 10-30 213 minutes (Chéreau, Saraceno, Angibaud, Cattaert, & Nägerl, 2017) . This finding together with 214 our data suggest that over a sustained period of physiologically relevant stimulation, the 215 overall axon diameter can continue to increase up to 30%. More intriguingly, in addition to 216 axonal caliber changes we also found a significant reduction in overall g-ratios in EE mice 217 compared to SH controls ( Fig. 2E, p<0 .0001), indicative of thicker myelin sheaths. This 218 reduction in g-ratios was observed across the full range of axon diameters (Fig. 2F,  219 p<0.0001), indicating that EE exerts an unbiased effect upon axonal growth and 220 myelinogenesis. These observations are consistent with previous studies identifying 221 increased corpus callosum volume following EE housing (Markham, Herting, Luszpak, 222 Juraska, & Greenough, 2009; Zhao et al., 2012) . Our results provide clear evidence that 223 young adult CNS myelination is highly adaptive to positive environmental experiences. We 224 demonstrate that EE exerts a significant influence upon myelinated axon plasticity in the 225 young adult brain by selectively promoting myelin growth of existing myelin sheaths, but 226 not increasing de novo myelination of unmyelinated axons. 227
228
Increasing evidence suggests that myelin remains a dynamic structure throughout the 229 lifespan, as observed by fluctuations in internode length (Hill et al., 2018) and turnover of 230 myelin (Lüders et al., 2019; Yeung et al., 2014) , implying there are molecular substrates 231 susceptible to adaptive regulation. Increasing myelin thickness in response to upregulated 232 neuronal activity may be critical in meeting enhanced metabolic demands of axons 233 (Fünfschilling et al., 2012; Lee et al., 2012; Saab et al., 2016) and emerging evidence 234 suggests this is necessary in sustaining function of highly active circuits (Moore et al., 2019) .
235
A recent study has demonstrated activity-dependent localization of myelin protein mbpa 236 mRNA within developing myelin sheaths (Yergert, Hines, & Appel, 2019) , indicating a 237 potential molecular correlate of localized sheath growth. Furthermore, bi-directional 238 fluctuations in myelin thickness would be important in enabling adaptive responses to all 239 manner of changing environmental conditions and indeed, myelin thinning has been 240 observed following social isolation (Liu et al., 2012; Makinodan et al., 2012) and chronic 241 social stress (Bonnefil et al., 2019) . It is important to note that conduction velocity can be 242 modulated by ultrastructural changes in both the axon and myelin sheath (Arancibia-243 Cárcamo et al., 2017; Ford et al., 2015; Waxman, 1980) , which ultimately influence neuronal 244 circuit connectivity (Ford et al., 2015; Lang, 2002) and enable adaptive-learning. Thus, in our 245 study, the contribution of increased axonal caliber, accompanied by thicker myelin sheaths 246 as a result of EE, to neuronal plasticity and function cannot be underestimated. The 247 myelinated axon is a functional unit and as has been recently proposed, the term 248 myelinated axon plasticity more accurately reflects underlying physiology (Lyons, 2017) . To investigate whether EE influences the dynamics of OL production and integration in 257 addition to myelin plasticity, we used spectral un-mixing confocal microscopy and 258 comprehensively analyzed the density and proportion of all oligodendroglia, both pre-259 existing and newly-generated during the 6 week EE period. We assessed total 260 oligodendroglia (Olig2+), OPCs (Olig2+/Pdgfr+), intermediate oligodendroglia 261
(Olig2+/Pdgfr-/CC1-) and mature OLs (Olig2+/CC1+), distinguishing between 262 subpopulations of pre-existing (EdU-) and newly-generated (EdU+) oligodendroglia (Fig. 3A) . 263
264
To align with our myelin data, adjacent regions of corpus callosum and somatosensory 265 cortex were analyzed. In both regions, we observed a clear significant increase in the overall 266 density of mature OLs (callosum: Fig. 3C, p=0 .02, cortex: Fig. 4B p=0.02) accompanied by a 267 reduction in OPCs in EE mice compared to SH controls, indicative of increased cell 268 maturation. This effect was more pronounced in the cortex, where EE led to a significant 269 increase in overall OL density (Fig. 4B, p=0 .04) compared to SH controls. This finding is 270 concordant with previous observations of enhanced differentiation following activity-271 dependent stimulation (Cullen et al., 2019; Gibson et al., 2014; Hughes, Orthmann-Murphy, 272 Langseth, & Bergles, 2018; Keiner et al., 2017; Mitew et al., 2018; Xiao et al., 2016) . 273
274
To define the altered dynamics of OL production induced by EE, we quantitated the 275 densities of both pre-existing (EdU-) and newly-generated (EdU+) OPCs, mature OLs and 276 intermediate oligodendroglia (callosum: Fig. 3D-E, cortex: Fig. 4C-D) . We found a 277 significantly higher density of pre-existing mature OLs in EE mice compared to SH controls 278 (callosum: Fig. 3D, p=0 .007, cortex: Fig. 4C p=0.04 ), suggesting that EE exerts a uniform 279 effect upon promoting the lineage progression of pre-existing oligodendroglia, which 280 contributes to the overall enhanced OL differentiation observed in both regions (callosum: 281 Fig. 3C, cortex: Fig. 4B ). This effect could be at least partially due to enhanced survival, as 282 has been shown previously that EE enhances the survival of newly-generated 283 oligodendroglia in the amygdala (Okuda et al., 2009 ). Furthermore, stimulating neuronal 284 circuits via transcranial magnetic stimulation or complex motor learning results in more new 285 pre-myelinating OLs in the motor and visual cortices (Cullen et al., 2019) or enhances the 286 differentiation and integration of pre-existing cells (captured via EdU administration prior to 287 paradigm onset) (Xiao et al., 2016) , respectively. Thus, our finding well aligns with these 288 published studies and suggests that providing positive experience such as EE promotes the 289 differentiation of pre-existing oligodendroglia in the young adult brain. 290
291
We then analyzed the proportions of pre-existing (EdU-) and newly-generated (EdU+) OPCs, 292 mature OLs and intermediate oligodendroglia in the two regions (callosum: Fig. 3F , cortex: 293 Fig. 4E ), which revealed a significant increase in the proportion of pre-existing mature OLs 294 (callosum: Fig. 3F , overall, pre-existing: p=0.0002, p=0.0001 cortex: Fig 4E, overall, pre-295 existing: p=0.02, p=0.02), further confirming increased differentiation. In the corpus 296 callosum, this was accompanied by a decrease in percentage of pre-existing intermediate 297 oligodendroglia (Fig. 3F overall, pre-existing: p=0.008, p=0.0005), and in the cortex, a 298 decrease in the proportion of pre-existing OPCs (Fig. 4E overall, pre-existing, p=0 .02, 299 p=0.01). Furthermore, the proportions assessment (Fig. 3F, 4E ) also revealed a reduced 300 percentage of new OPCs in both regions (callosum: Fig. 3F, p=0 .002, cortex: Fig. 4E, p=0 .02) 301 in EE mice compared to SH, suggesting that EE also promotes the direct differentiation of 302
OPCs post-cell division. Recently, it was observed that the basal level of maturation of 303 newly-generated OPCs in the cortex of middle-aged mice is only 22%, but incorporation of 304 these cells can be increased 5-fold with sensory stimulation (Hughes et al., 2018) , implying 305 that the ongoing production and integration of OLs can be altered by environmental 306 manipulations. Our data further confirm that the young adult brain contains an accessible 307 reserve of oligodendroglia for activity-dependent responsiveness and that the lineage 308 progression of pre-existing cells is particularly sensitive to EE stimulation. However, the 309 main source of pre-existing oligodendroglia, intermediate or OPC, appears to be regulated 310 differentially between the regions. 311
312
Environmental enrichment differentially regulates OPC dynamics in the corpus callosum 313 and somatosensory cortex 314
Having identified that EE uniformly increases the density of mature OLs, we found a uniform 315 decrease in the density of total OPCs in EE mice compared to SH controls, implying that the 316 enhanced differentiation occurs at the expense of altering new OPC generation. 317
Interestingly, we found that EE resulted in significantly fewer newly-generated OPCs in the 318 corpus callosum (Fig. 3E p=0.001) , whereas in the somatosensory cortex, this reduction is 319 specific to pre-existing OPCs (cortex: Fig. 4C p=0.01 ). This finding is somewhat 320 counterintuitive as previous studies have identified neuronal activity-dependent increases in 321 OPC production, albeit with greatly attenuated responses observed when conducted in 322 young adult animals (P60) (Mckenzie et al., 2014; Mitew et al., 2018) as compared to 323 juvenile animals (P19-35) (Gibson et al., 2014; Mitew et al., 2018) . These studies adopted 324 artificial neuronal stimulation paradigms with potentially greater levels of stimulation than 325 those induced via EE in our study, however it does suggest that age is a critical factor in the 326 proliferative capacity of OPCs. It is also important to note that inherently, production and 327 differentiation cannot occur simultaneously, as differentiation removes an available 328 proliferative cell. Thus, our finding that EE results in an overall increase in mature OLs 329 accompanied by an overall reduction in OPCs indicates that physiological stimulation of 330 neuronal activity favorably promotes oligodendroglial differentiation, which alters the 331 dynamics of OPC production in the young adult brain. We have previously shown that there 332 is a drastic decline in OPC density occurring across different CNS regions from P9-30 333 (Nicholson et al., 2018) . Furthermore, as OPC density decreases, although they remain 334 evenly tiled (Hughes, Kang, Fukaya, & Bergles, 2013) , the probability that a cell will be in 335 close proximity to a specifically activated axon and thus able to sense and respond to 336 changing activity levels, is also reduced. Results from this study and others suggest that 337 adult animals retain an ability to respond to neuronal activity and attenuated responses 338 may be due to logistical constraints on cell numbers, rather than inhibitive cellular 339 environments. Our finding suggests that EE accelerates the normal process of OL production 340 and integration in the young adult brain via enhancing differentiation, ultimately resulting in 341 a reduction in OPCs. 342
343
To further determine the differential reduction in new OPC generation we examined the 344 proportional contributions of new vs pre-existing oligodendroglia to the pool of total 345 oligodendroglia, OCPs, mature OLs and intermediate oligodendroglia in both regions. In the 346 corpus callosum, the overall proportion of pre-existing oligodendroglia was significantly 347 increased in EE mice compared to SH controls (Fig. 3G, p=0 .03), which is reflected by 348 increased proportions of both pre-existing OPCs (Fig. 3G, p=0 .009) and pre-existing mature 349 OLs (Fig. 3G, p=0 .03). Interestingly, EE exerted no significant influence upon the relative 350 proportions of pre-existing and new oligodendroglia in somatosensory cortex (Fig. 4F ). This 351 data demonstrates clear regional heterogeneity in response to the EE paradigm. In the 352 corpus callosum EE reduces the contribution of newly-generated oligodendroglia by 353 markedly increasing the direct incorporation of pre-existing oligodendroglia, whereas within 354 the somatosensory cortex the incorporation of pre-existing oligodendroglia induced by EE 355 does not affect the generation of new OPCs to the same extent. Cortical and callosal OPCs 356 behave differently from early postnatal development (Nicholson et al., 2018) . Furthermore, 357 subsets of OPCs have been identified based on differential expression of ion channels and 358 neurotransmitter receptors, and relative proportions of each subtype differ regionally 359 (Spitzer et al., 2019) , indicating a heterogenous distribution of OPCs that could partially 360 explain the distinct response to EE. 361
362
Results of our study suggest that in the young adult brain, positive experience 363 predominantly influences the plasticity of pre-existing oligodendroglia and existing myelin 364 sheaths, without substantial de novo myelin sheath generation. Future studies concerned 365 with myelin plasticity should attempt to distinguish between changes appearing due to 366 generation of new OLs and new myelin sheaths, and changes appearing due to influences on 367 pre-existing cells, axons and sheaths. This difference is subtle, yet critical in understanding 368 the implications and relevance of adaptive myelination in animals across the lifespan from 369 developmental, to aging stages, as well as in translating these findings for therapeutic 370 benefit in the context of demyelinating diseases. Techniques to capture such specific 371 changes could include methods that measure myelin generation and turnover, which were 372 recently nicely reviewed (Buscham, Eichel, Siems, & Werner, 2019) . Additionally, genetic 373 approaches that enable inducible and OL-specific expression of a myelin-associated 374 membrane-bound fluorescent protein (Hill & Grutzendler, 2019) in conjunction with time-375 lapse in vivo imaging, would provide a more detailed spatial and temporal analysis of the 376 adaptive myelinating process. 377
378
In summary, we are the first to demonstrate that providing physiologically relevant 379 neuronal stimulation via EE exerts a strong influence upon adult myelin remodeling, 380 increasing the diameter and promoting myelin wrapping of pre-existing myelinated axons. 381
This study provides a systematic assessment of oligodendroglial lineage dynamics in a 382 healthy, young adult brain and importantly identifies that EE uniformly increases the 383 differentiation of pre-existing oligodendroglia in both corpus callosum and somatosensory 384 cortex, with a region-specific influence on new OPC generation. This contrasts with previous 385 studies that have adopted non-physiological strategies to manipulate neuronal activity and 386 found notable increases in new OPC production and de novo myelination of previously 387 unmyelinated axons. Results of this study extend our understanding of myelinated axon 388 plasticity and provide new insights into how altering neuronal activity at a physiological level 389 can modulate existing axons, myelin sheaths and pre-existing oligodendroglial maturation. 390
Findings of this study will provide a platform for future investigation into the functional 391 importance of oligodendroglial differentiation and myelinated axon remodeling for behavior 392 and cognition throughout the lifespan. 393 
